We study the gluon propagator and the singlet potential in Landau gauge in the deconfined phase of SU(2) lattice gauge theory, using both the standard Wilson action and a tree-level Symanzik improved action. From the long-distance behavior of correlation functions of temporal and spatial components of the gauge fields we extract electric (m e ) and magnetic (m m ) screening masses. For the magnetic mass we find m m (T ) = 0.456(6) g 2 (T ) T . The electric mass can be described by a nextto leading order ansatz, obtained from one loop resummed perturbation theory.
Introduction
One of the main features of the high temperature plasma phase of QCD is the occurrence of chromo-electric and -magnetic screening masses (m e and m m ) which control the infrared behavior of the theory [1] . The electric screening mass, which has been known in leading order perturbation theory for some time (m e ∼ gT ), gives rise to the Debye screening of the heavy quark potential. The magnitude of m e influences strongly the existence or non-existence of hadronic bound states in the high temperature phase. An understanding of its temperature dependence is therefore essential for any further analysis of the quasi-particle excitation spectrum in the QCD plasma phase. Also, a non-vanishing magnetic mass, which is entirely of non-perturbative origin and generally is expected to be O(g 2 T ), does contribute in next-to-leading order to m e [2, 3] . Beyond leading order perturbation theory one thus needs a non-perturbative analysis also for the quantitative determination of the electric mass a .
The definition of gluonic screening masses is not without problems. In general the masses are related to the low momentum behavior of the gluon propagator, Π µµ (p 0 , p). However, as the gluon propagator itself is a gauge dependent quantity it is not obvious that a "gluon mass" extracted from it would have a physical interpretation. Using the zero momentum limit (| p| → 0) in the static sector (p 0 ≡ 0) of Π µµ does not yield a gauge invariant definition of the screening masses. It has, however, been shown [5, 6] that the pole masses defined through m 2 µ = Π µµ (0, | p| 2 = −m 2 µ ) are, within a wide class of gauges, gauge invariant to arbitrary order in perturbation theory. Exactly these pole masses are obtained from the exponential decay of finite temperature gluon correlation functions at large spatial separations. Although these correlation functions have to be calculated in a fixed gauge the pole masses extracted from them will be gauge independent. Alternatively one may insist on defining gluon screening masses through gauge invariant operators, e.g. Polyakov loop correlation functions, which are related to the heavy quark potential at finite temperature. Observables, which project onto states with the correct quantum numbers have been discussed in Ref. [7] and have recently been used to analyse the high a The non-perturbative structure of the electric mass beyond leading order perturbation theory has recently also been discussed in [4] . The interesting possibility has been raised there that non-perturbative effects may arise even without generation of a non-vanishing magnetic mass.
temperature phase of QCD within the framework of dimensional reduction [8, 9] . In how far the definition of a screening mass through gauge invariant operators agrees with the pole mass has to be further analysed. The experience made with similar concepts in gauge-Higgs models shows that there is the possibility that gauge invariant operators only project onto a superposition of several elementary gluon excitations [10] .
In this paper we analyse gauge dependent gluon correlation functions in Landau gauge. We have studied gluon correlation functions at finite temperature previously for the SU(2) gauge theory in a limited temperature interval (1 < T /T c < 20) [11] . This analysis will be extended here in various ways. We have calculated magnetic and electric screening masses at much higher temperatures, up to T ∼ 10 4 T c , in order to analyse the approach to the perturbative regime. Furthermore, we study this time the dependence of the gluon correlation functions on momenta. In addition, we now also analyse the color singlet heavy quark potential, which at high temperatures is dominated by single gluon exchange. Moreover, we have also used a tree-level Symanzik improved gauge action in addition to the standard Wilson action in order to get some control over systematic lattice discretization errors.
In the next section we briefly discuss the observables we are going to analyse.
In section 3 we define the actions we have used in our simulations and describe the procedure followed to fix the relation between bare gauge couplings and the temperature. The determination of electric and magnetic screening masses from gluon correlation functions is discussed in section 4. In section 5 we discuss the determination of the electric screening mass from the color singlet heavy quark potential. Furthermore we describe the influence of the improvement of the action on this potential. Finally, we give our conclusions in section 6.
Gluon Propagator on the Lattice
The main purpose of this investigation is an analysis of the gluon propagator at small momenta. We will extract screening masses from correlation functions of gauge fields A µ (x 0 , x) at large spatial separations. We will analyse dispersion relations for these screening masses in the static (p 0 ≡ 0) sector. For this purpose we introduce momentum dependent gauge fields,
and the corresponding correlation functions
with x ⊥ = (x 1 , x 2 ) and p ⊥ = (p 1 , p 2 ). On a finite lattice, the momenta are given by The long-distance behavior ofG yields the energy in the electric and magnetic sector respectively, i.e.
For p ⊥ ≡ (0, 0) the long-distance behavior of these correlation functions thus defines electric and magnetic screening masses, which are related to the gluon polarization tensor,
Using this definition, the leading correction to the lowest order perturbation theory result for the electric screening mass,
is independent of x 3 in Landau gauge.
can be calculated in one-loop resummed perturbation theory. Based on the assumption that the infrared limit of the transverse gluon propagator is finite, − 1 2
, one obtains the gauge invariant result [2, 3] m 2 e (T ) = m 2 e,0 1 +
As the magnetic mass appearing here is expected to be of O(g 2 T ) the next-to-leading order correction is O(g ln g).
It has been pointed out already sometime ago that the leading order perturbative calculation of the electric screening mass suffers from finite cut-off effects [12] similarly to what has been known for bulk thermodynamic observables, e.g.
the Stefan-Boltzmann law for an ideal gas [13] . these deviations are due to the O(a 2 ) discretization errors introduced in the Wilson formulation. On a spatially infinite lattice we find for these cut-off errors
which is similar in magnitude to the cut-off dependence of bulk thermodynamic observables like the energy density [14] . Using an improved action these leading cut-off errors are eliminated and corrections only start at O(N −4 τ ). In the case of the energy density or the pressure these actions lead to a strong reduction of cut-off effects in the high temperature limit [14] . In the following we will see, however, that this is not the case for the electric screening mass, i.e. the improvement of the ultra-violet sector does not influence the screening masses much.
Determination of the Temperature Scale
In our simulations we have used both the Wilson action (S W ) and a tree-level Symanzik improved action (S I ),
where the sums run over all elementary 1×1 plaquettes U 1×1 and planar 1×2 Wilson loops U 1×2 c . The gauge dependent correlation functions have been calculated in Landau gauge, |∂ µ A µ (x)| 2 = 0 . Details of our gauge fixing procedure are given in [11] .
A comparison of simulations performed with these two actions on lattices with temporal extent N τ = 4 will allow to judge the cut-off dependence of our results. In the case of the Wilson action we also have performed calculations on lattices with temporal extent N τ = 8 in order to analyse the cut-off dependence for this action.
In order to quantify the influence of the non-zero cut-off at finite temperature one should, of course, compare calculations at the same physical temperature, T ≡ 1/(N τ a). An accurate determination of the temperature scale also is needed for c In the following, we will denote the couplings with β W for the Wilson action and with β I for the Symanzik improved action, respectively.
analyzing the dependence of the screening masses on a running coupling, g(T ). We thus start our analysis with the determination of temperature scales for both actions.
The problem to relate the temperature T to the coupling β is equivalent to the task of finding the dependence of the lattice spacing a on the bare coupling g 2 . We follow here the approach outlined in [15] . In order to take into account the violations of asymptotic scaling in the coupling regime of interest we use the general ansatz
3)
The function λ(g 2 ) parameterizes the asymptotic scaling violations. For this we use an exponential ansatz
Here g 2 c is the value of the bare coupling at the critical temperature T c of the deconfinement phase transition at given N τ . Using results for g Based on the Wilson action data for g 2 c summarized in [16] , the best fit in [15] is given by the parameterization For the Symanzik improved action we have performed a similar fit, using the critical couplings computed in [17] for N τ ≥ 4. Our best parameterization is given The fit can also be seen in Fig. 2 . In the following, we will use an averaged value of T c /Λ MS = 1.06.
We finally need to extract the temperature in units of the critical temperature at given N τ . This is given by
Using Eq. (3.8), the fit results for λ and the critical couplings from [16, 17] we can now relate the temperature T to the coupling β = 4/g 2 . The results for the couplings used in our analysis are listed in Tab. 1. The good agreement found 
Screening Masses from Gluon Correlation Functions
In our earlier work [11] we have already investigated the behavior of the electric and magnetic screening masses in Landau gauge. Whereas in [11] we calculated the gluon propagator only at vanishing momentum, we now extend the analysis to finite momenta. Furthermore we are now using temperatures very much higher than in [11] in order to possibly get in closer contact with perturbation theory. Finally, we are now using in addition to the Wilson action also the tree-level Symanzik improved action.
In section 2 we have given the relations between the energies in the electric and magnetic sectors and gluonic correlation functions, Eq. (2.3). To extract the screening masses we use the dispersion relation between energy, screening mass and momentum, which on the lattice has the form
In (4.1) we have introduced a factor κ which parameterizes deviations from a free particle dispersion relation (κ ≡ 1) introduced by a thermal medium. configurations were separated by at least 10 update iterations, and each update consists of at least four overrelaxation sweeps, followed by one heatbath sweep.
From the exponential decay of the gluon correlation functions G e , G m we extract the screening masses. A rather technical problem is the procedure to select a reliable fit range in which G e (p ⊥ , x 3 ) and G m (p ⊥ , x 3 ) (see (2.3)) can be fitted to extract the energies in the electric and magnetic sectors. This is described in App. A.
The results for the screening masses (from the p = 0 measurements) and the energies ( p = 0) are listed in Tabs. 3 and 4 respectively.
Wilson action, 32 2 × 64 × 8 lattice 
Numerical Results for Zero Momentum
Let us first discuss the electric screening mass, extracted from the measurements at vanishing momentum p = 0. In Fig. 3 we show m e /T for both types of actions and the two different lattices we have used. One can see at once that, within errors, m e /T does not differ significantly for the three sets. Even the tree-level Symanzik improved action, which cures discretization errors of O(a 2 ) in the action, does not shift the electric screening mass in any direction. This makes clear that ultra-violet modes do not contribute significantly to the screening mass. As a consequence, we have analysed all three data sets together. In contrast to [11] we have measured m e now also at very high temperatures (up to T ∼ 13400 T c ; see Tab. 1). From this analysis it becomes evident that m e /T runs with T . Since this is expected from perturbation theory it is meaningful to test whether perturbative predictions also work quantitatively.
At lowest order perturbation theory for two color degrees of freedom and without taking dynamical quarks into account the electric mass is given by the well known relation (2.5). For the running coupling we use the 2-loop formula
with µ = 2πT being the lowest lying Matsubara frequency. Hence
We start the discussion of our data with a comparison with (2.5) which is shown in Fig. 3 as a dashed line. The numerical data for m e are lying about 60% above the lowest order perturbative result (2.5). However, the functional dependence of the electric mass on the temperature seems to be well described by m e ∼ gT .
To verify the temperature dependence of the electric mass quantitatively we have performed several fits of m e /T vs. ln(T /T c ) for temperatures T ≥ 9 T c . In our one parameter fits we fix the Λ-parameter appearing in the temperature dependent running coupling to Λ MS and therefore use the MC-result for T c /Λ MS , i.e. T c /Λ MS = 1.06. In those cases where we parameterize the screening masses only by its leading g 2 dependence the effect of higher order corrections can be partially taken into account in a modification of the Λ-parameter. We, therefore, also performed two parameter fits with a free ratio Λ fit /Λ MS .
The first fit ansatz we use is
The results obtained with this ansatz are summarized in Tab. 5. They again reflect 1-parameter fit 2-parameter fit Table 5 : Fit results of (m e (T )/T ) 2 , extracted from gluon correlation functions at zero momentum, using the fit ansatz (4.4).
that the lowest order perturbative result (2.5) does not describe the data very well.
The fit parameter A fit is much too big compared to its theoretical value 2/3. The solid line shown in Fig. 3 is the result from the one parameter fit. It shows, as noted above, that at least the variation of m e /T with the temperature is well described by ansatz (4.4). However, the temperatures we have used are apparently still too low to get in contact with lowest order perturbation theory.
To test the next-to-leading order result (2.6) we also determined the ratio m e /m m and especially the magnetic mass. We were only able to extract a reliable result for m m for the lattice with spatial extension N 3 = 64. On the smaller lattice the local screening masses m m (x 3 , T ) do not reach a plateau (see App. A). Therefore the fits of the correlation function G m were quite poor, i.e. had a large χ 2 . As the electric screening masses obtained from different actions and lattice sizes do not show any significant difference, we expect that also the magnetic mass does not show a significant ultra-violet cut-off dependence.
In Fig. 4a we show the electric and magnetic screening masses, obtained from the Wilson action simulation on the 32 2 × 64 × 8 lattice. With these results in hand we are now able to check the next-to leading order result for m e . The dashed-dotted line in Fig. 3 is a selfconsistent determination of m e , using (2.6). It lies about 20% above the lowest order prediction and therefore is closer to our data. However, it is still too low to describe the data well. Therefore we have performed additional fits of the electric mass that take into account higher order corrections. Based on (2.6) we use the ansatz 
Numerical Results for Non-Zero Momenta
Let us briefly discuss the gluon correlation functions at non-zero momenta. As the numerical signal gets lost in statistical noise for high momenta (see (2.3) and (4.1)) we only could analyse the cases k 1 = 1, 2, i. For m e we use the result from the measurement at zero momentum. In the limit T → ∞ one expects to find a free particle dispersion relation, i.e. κ → 1. In Fig. 5 we have plotted κ vs. T /T c . Obviously we do not have sufficient statistics to uncover a temperature dependence of κ. Therefore we only quote a value averaged over the temperature interval T ≥ 9 T c . We find κ = 0.37(10) for k 1 = 1 and κ = 0.65(3) for k 1 = 2. This suggest a quite significant modification of the free particle dispersion relation at low momenta.
Polyakov Loop Correlation Functions
It is well known that for temperatures above the critical temperature T c , the confinement potential between a quark and an anti-quark is replaced by the color averaged potential [20] , which, in lowest order perturbation theory, is of the form
Here m e is the electric (or Debye) screening mass. As V av decreases very fast, the numerical signal gets lost in statistical noise in the long distance regime. On the other hand, (5.1) is only valid at large distances. This situation is improved for the color singlet potential, which to leading order perturbation theory is controlled by 1-gluon exchange and therefore takes on the form
The color singlet potential, however, is gauge dependent and one therefore again has to fix a gauge for its calculation. As mentioned earlier we have chosen the Landau gauge.
On the lattice one can extract both potentials by measuring Polyakov loop correlation functions [20] ,
Improvement of the Singlet Potential
In this section we want to discuss briefly the improvement of rotational symmetry for the color singlet potential due to the use of an improved action. We have measured V 1 /T both along an axis, labeled with (1, 0, 0), and along three different off-axis directions, (1, 1, 0), (1, 1, 1), and (2, 1, 0). To make the results from simulations with unimproved and improved action comparable, one has to choose couplings that both correspond to the same temperature. As an example, we use in the following β W = 3.219 and β I = 2.652. As listed in Tab. 1, both couplings correspond to
Motivated by Eq. (5.2) and taking into account the periodic boundary conditions, we have performed a correlated fit of the (1, 0, 0) data in the interval d R ∈ [7, 12] , using the fit function
with N 3 = 32. The fit results for both actions are listed in Tab. Table 6 : Results from the fits of V 1 /T at β W = 3.219 and β I = 2.652 (T ≃ 15.88 T c ).
from the upper part of the table, the fit itself is better for the improved data than for the Wilson data, i.e. the errors on the fit parameters are smaller, the goodness is higher and finally the squared error from the correlated fit (χ 2 /dof) is smaller.
The lower part of Tab. 6 shows the χ 2 deviation of the off-axis data points from the 
The Electric Screening Mass from the Singlet Potential
We used on-axis point-to-point as well as plane-plane Polyakov loop correlation functions to extract the electric screening mass. In the former case, we used Eqs. replaced by L(
. Then (5.4) and (5.2) transform into
Whereas we have calculated V 1 on lattices of size 32 3 ×4 and 32 2 ×64 ×8 and for both actions, we have calculated V 1,sum only on the larger lattice, using the Wilson action. The results for the electric screening mass are listed in Tab. 7 and 8.
Similar to the electric mass extracted from gluon correlation functions, the results we have now obtained with different actions and on lattices of varying size again do not differ significantly. Therefore we have also here analysed all three datasets together. The screening masses, extracted from V 1,sum , are shown in Fig. 7 .
As expected from Sec. 4, m e /T , extracted now from Polyakov loop correlation functions, also depends only weakly on the temperature for temperatures less than m e (T )/T , extracted from (3) 4.24 1.63 (7) 1.55 (9) 1.53 (7) Fits of (m e (T )/T ) 2 , extracted from Fits of (m e (T )/T ) 2 , extracted from Table 9 : Fit results of (m e (T )/T ) 2 , extracted from Polyakov loop correlation functions, using the fit ansatz (4.4).
value A fit = 1.72(4) with χ 2 /dof = 4.60.
In general we find that the results extracted from V 1,sum are in good agreement with the zero momentum results from the gluon correlation functions. To make this clear also quantitatively we have analyzed all three datasets for V 1,sum together, as in the case of the gluon correlation functions. The one parameter fit for T ≥ 9T c yields A fit = 1.71(2) with χ 2 /dof = 5.80. This can be compared with the result from Tab. 5, A fit = 1.69(2) with χ 2 /dof = 4.51. We therefore conclude that the electric screening mass is well described by m e (T ) = 1.70(2) g(T ) T in the temperature range T ≤ 14000 T c .
Summary and Conclusions
We have studied Polyakov loop and gluon correlation functions in the high temperature deconfined phase of SU(2) lattice gauge theory in a wide range of temperatures, using both the standard Wilson action and a tree-level Symanzik improved action.
We have calculated chromo-electric and -magnetic screening masses and have determined their dependence on the temperature.
The temperature dependence found for the magnetic mass is in accordance with the expected g 2 (T )-dependence. We find m m (T ) = 0.456(6) g 2 (T ) T . The behavior of the electric mass shows, however, that this does not at all mean that the screening masses can be described according to perturbative expections. Although the temperature dependence of m e is consistent with a logarithmic dependence, m e ∼ gT , our data do not agree with lowest order perturbation theory. Only little improvement is achieved by using next-to-leading order results from resummed PT.
From an analysis of the gluon propagator as well as the color singlet potential we find m e (T ) = 1.70(2) g(T ) T . This result shows that the screening mechanism is highly non-perturbative even for temperatures as large as 14000 T c . This observation is in accordance with studies of screening in dimensionally reduced 3d-QCD [8, 9] .
Our simulation of the gluon correlation functions at finite momenta still suffer from insufficient statistics. We find a modification of the energy momentum dispersion relation of a free particle, but we are not yet able to quantify its temperature dependence.
The improvement of the action does not show, within statistical errors, any significant modification of the behavior of the screening masses, although we can
show that the violation of the rotational symmetry of the singlet potential, which also was used to extract m e , is weakened.
We have chosen the coefficients to be α = 9, β = 1 and γ = 3. As we put the largest weight on Q, it sometimes happens that only a very small fit interval is selected by this condition. To avoid this problem, we add the extra condition ̺ ≥ 3. For a two parameter fit this is equivalent to demand that the fit interval should contain at least 5 points.
Finally we require that the fit only considers points G e (x 3 ) or G m (x 3 ) with errors less than 50 % of their value. This is to reject points that are dominated by statistical noise.
To see how our fit criterium works we show in In Fig. 9 we show the local electric screening masses in units of the temperature, Obviously, the fit criterium works fine and finds a reliable fit interval.
